With the integration of wind energy, the widely used doubly fed induction generator wind turbines (DFIG-WT) could induce Power System forced oscillations (FOs), which threaten the safety of power grid. In this paper, an accurate FOs location method is proposed to pinpoint sources of FOs to the specific components inside a DFIG-WT and a participation assessment method is proposed to evaluate the role of DFIG-WTs in the FOs event. Firstly, the energy structure of the DFIG-WT is constructed and the correspondence between the physical components and energy structure of the DFIG-WT is established. Thus, the sources of FOs can be located by the energy flow among the converter, wind turbine and induction generator. Furthermore, the port-controlled Hamiltonian (PCH) method is used to analyze the influence of external disturbances to the potential energy of DFIG-WT, based on which the participation factor of the DFIG-WT in FOs event can be defined. The simulation results demonstrate that the proposed method is able to locate the oscillation sources accurately and reveal the participation of the DFIG-WT in FOs events effectively.
I. INTRODUCTION
Power system forced oscillations (FOs) threaten the safe operation of power grid, which are caused by external periodic disturbances [1] . With the increasing penetration of wind energy into power systems, a large number of new disturbances have been introduced into the system, such as the fluctuation of wind speed and the disturbances caused by the doubly fed induction generator wind turbine (DFIG-WT) control strategies [2] , [3] . These disturbances increase the possibility of FOs. FOs would vanish quickly once the disturbance is removed [4] . Therefore, it is necessary to study the effect and the location method of DFIG based wind farms.
Presently, several methods have been proposed to locate the sources of FOs, such as traveling wave based method [5] , hybrid simulation based method [6] and energy based The associate editor coordinating the review of this manuscript and approving it for publication was Jason Gu. method [7] - [9] . Traveling wave based method uses the arrival time of oscillation waves in power system to locate the oscillation sources [5] . Hybrid simulation based method compares the simulation results with the corresponding measurement data, of which the differences contain the information of oscillation sources [6] . However, both of them have certain limitations. The traveling wave based method relies on the accurate detection of oscillation arrival time, which is hard to obtain [10] . The hybrid simulation based method cannot locate oscillation sources in real time [10] . In contrast, energy based method is considered to be a very promising method. The basic theory of energy based method is proposed by [7] . By defining the concept of generator energy, the propagation of oscillations in the power grid can be expressed as the energy flow throughout the network. Thus, the generators which inject energy into the network are identified as the oscillation sources. The energy based method is further developed in [8] , [11] , [12] . The relationship between dissipated energy and generator damping is further discussed in [11] .
This method is modified for the reliable use of actual PMU data in [12] . Energy method is also developed to locate the oscillation sources to the control device level of synchronous generator by constructing the Hamiltonian function [8] . Although the energy method is gradually becoming mature, there are few researches about the influence of wind farm integration on oscillation sources location. The researches regarding to wind farm and oscillations are mainly focused on the mechanism. The shadow effect and wind shear effect may result in the wind farm injecting low frequency oscillations into the power system [13] . Wind turbines with identical operation condition and parameters impact the oscillations in power system significantly [14] . The analysis based on the detailed modeling of a wind farm system shows that it can introduce low-frequency oscillation modes [15] . Reference [14] studies the impact of wind farms using eigenvalue and participation factor analysis, but they are obtained from the system state matrix, which contains no information of the system inputs. Thus, this method cannot take the feature of the sources of FOs into consideration. Besides, the frequency drift phenomenon also brings difficulty to eigenvalue analysis [16] .
Motivated by the above gaps between current research progress and power system development, this paper proposes an accurate location method to pinpoint the sources of FOs to the specific components inside DFIG-WT by further developing the energy method to be applied to its internal components. An assessment method is also proposed to measure the participation of the DFIG-WT during FOs events by analyzing the internal energy using the port-controlled Hamiltonian (PCH) method. The main contributions of this paper are: 1) establishing the energy structure of the DFIG-WT and explaining the physical meaning of it; 2) proposing a method to localize oscillation sources accurately to the specific component inside the DFIG-WT; 3) proposing a method to assess the participation of DFIG-WT in FOs events. This paper is organized as follows. Section II establishes the energy structure of the DFIG-WT and discusses the mathematical relationship between energy structure and physical components. Section III presents the detailed method for oscillation sources location and participation assessment. Section IV verifies the proposed method in single-machine infinite-bus system and modified IEEE 39-bus system. Conclusions are drawn in Section V.
II. ENERGY STRUCTURE OF THE DFIG-WT
In this section, the energy structure of the DFIG-WT is established. Then, the relationship between energy structure and physical components is analyzed and the energy of the specific components inside the DFIG-WT is obtained.
A. CONSTRUCTION OF DFIG-WT ENERGY STRUCTURE
The equivalent circuit of the induction generator inside the DFIG is shown in FIGURE 1. The transient dynamic of DFIG rotor flux can be represented as:
where, E d and E q are the d-and q-axis components of the internal voltages, respectively; I ds and I qs are the d-and q-axis stator currents, respectively; V dr and V qr are the d-and q-axis rotor voltage, respectively; X s is the stator reactance; X is the stator transient reactance; T 0 is the rotor circuit time constant; s is the slip ratio; ω s is the synchronous angle speed; L rr is the rotor self-inductance; L m is the mutual inductance.
The stator transient process is usually ignored in DFIG transient stability problems, and the stator side can be represented by algebraic equations [17] :
where V ds and V qs are the d-and q-axis stator terminal voltages, respectively; R s is the stator resistance. The energy function on generator buses in differential form can be represented as [7] :
where W g is the energy function of the generator; I * is the conjunction of the current injected to the grid from the generator; V is the bus voltage; I x and I y are the x-and y-axis components of I , respectively; V x and V y are the x-and y-axis components of V , respectively. With δ denotes the leading angle from dq axis to xy axis, the differential energy function in the dq form can be represented as:
Combining (2) and (4), the energy function of the DFIG-WT is:
B. RELATION BETWEEN ENERGY STRUCTURE AND PHYSICAL COMPONENTS OF DFIG-WT
To study the physical meaning of DFIG-WT energy structure, in (5), denote dW 1 , dW 2, dW 3 and dW 4 as follows:
The form of dW 1 is consistent with the form of inductive energy storage, reflecting the energy stored in the stator inductance; dW 2 is related to the internal voltage and stator current, which represents the energy exchange inside the induction generator; dW 3 is related to the electrical power and rotor angle, which represents the injection from the mechanical system; dW 4 represents the energy dispassion of stator resistance.
Combining the model of the generator with (6), and substituting E d , E q with (1), the differential energy dW 2 can be written as:
in (7) , define:
dW 21 is another representation of the inductive energy, it reflects the energy storage in the rotor inductance. The integral form of dW 22 is:
The value of W 22 is always negative, thus, this term always consumes energy during oscillations. It can be regarded as the energy dispassion caused by the resistor of rotor winding. dW 23 contains the input variables of the convertor, V qr and V dr , which means it represents the energy change caused by the convertor inputs. Whether the value of dW 23 is positive or negative depends on the input variables.
After substituting E d and E q with E and δ, dW 24 can be rewritten into:
This component is related to slip ratio s and can be considered as the internal exchange of energy between rotor and stator windings.
According to the characteristics of energy structure, the energy of DFIG-WT can be divided into three categories: injection energy, internal energy and interaction energy. The energy is injected into the generator by mechanical system and convertor system. After the transmission inside the generator, the energy is injected into the power grid. The internal energy contains two parts, one part is stored inside the induction generator, and another part is damped on the stator and rotor resistors. The interaction energy represents the energy exchanged between the stator and rotor windings. The energy structure and classification are shown in FIGURE 2.
The injection energy represents the energy flow between the induction generator and other components, which is marked in orange. The direction of arrows indicates the positive direction of energy flow. This type of energy includes the energy injected from the wind turbine to the induction generator W 3 , the energy injected from the convertor to the induction generator W 23 and the energy injected from the induction generator to the power grid W g .
The internal energy represents the energy stored in the inductive components and the dispassion energy on the resistors, which is marked in green. The arrows point to the related physical component. This type of energy includes the stator and rotor inductance storage W 1 , W 21 and the stator and rotor resistor dispassion W 4 , W 22 .
The exchange energy represents the energy related to the mechanism of induction generator, which is marked in blue. The arrows point to the components participating in the energy exchanging. This type of energy includes the exchange of energy between rotor and stator windings W 24 .
III. OSCILLATION LOCATION AND PARTICIPATION ASSESSMENT BASED ON ENERGY STRUCTURE
Based on the energy structure of the DFIG-WT and the physical meaning of the energy components, the oscillation source location method is proposed in this section. Besides, by analyzing the PCH system, the participation factor of DFIG-WT is defined on the basis of energy structure.
A. ACCURATE OSCILLATION LOCATION METHOD FOR DFIG-WT
According to Section II Part B, the energy injected by the external disturbance has to go through the induction generator to flow into the power grid. Therefore, by calculating the energy exchange between the induction generator and the power grid, whether the oscillation source is inside the DFIG-WT or not can be determined. If the oscillation source is inside the DFIG-WT, by calculating the energy exchanged between the induction generator and other components, the energy flow inside DFIG-WT can be obtained to pinpoint the oscillation source to the specific component accurately. Based on the above analysis, the detailed locating steps are as follows:
1) Obtain the terminal measurements on the DFIG bus, including three-phase terminal voltage V s , V r , three-phase current I s and electromagnetic power P e ;
2) Prepare the required data, including data preprocessing, converting V s and V r into dq-axis, calculating δwith the phase angle difference of V s and V r , calculating E d and E q according to (2);
3) Calculate the energy function W g of the DFIG-WT according to (3); 4) If W g rises over time, the oscillation source is inside the DFIG-WT, go to step 5 to locate the oscillation source to the specific component of DFIG-WT. If not, the oscillation source is at the grid side; 5) When the oscillation source is inside DFIG-WT, calculate the energy function of the internal components, including W 3 , W 23 and W 24 according to (6) and (8) if W 24 rises over time, the oscillation source locates inside the induction generator.
The algorithm of the proposed method uses integration to obtain the system energy. Thus, a few bad data points do not affect the overall trend of system energy, which is used to locate the oscillation source. But the data preprocessing, as presented in [18] can be performed for better performance by reducing the measurement noise or distortion.
According to the above analysis, the flow chart of the location method is shown in FIGURE 3 .
B. PARTICIPATION ASSESSMENT OF DFIG-WT
Participation factors provide a dimensionless measure of state variable participation in system modes, which is wildly used in stability studies. However, it is based on the knowledge of system model and cannot handle external disturbances. In this section, a method to measure the DFIG-WT participation in forced oscillations is proposed. It is measurement based and considers the external disturbances, which overcomes the shortage of traditional participation factor for analyzing FOs.
The model of the DFIG can be rewritten in the portcontrolled Hamiltonian (PCH) form [19] , the general expression of which is:ẋ
where x are the state variables, u are the input variables, x and u are column vectors, J (x) denotes the connection of system components, g(x) denotes the input structure, H denotes the energy stored in DFIG and ∂H /∂x reflects the energy stored in different parts of the system. In small signal stability analysis, J (x)∂H /∂x is linearized as the state matrix, which is used to calculate the eigenvalue and participation factor in negative damping oscillations [14] . However, neither of them takes the input matrix g(x) into consideration, which influences the response of the system to the external disturbances in FOs. Thus, they cannot represent the characteristics of FOs, which have external disturbances.
In the PCH form, the energy is denoted by H , which is only related to state variables. The changing rate of H is:
integrating (11) and (12), (13) is obtained:
With J (x) being a skew-symmetry matrix, the first part of (13) is 0, thus
According to (14) , the energy changing is related to the energy distribution of the system as well as the external ports, associating to the disturbances in the FOs events. Thus, the energy function includes the information of system model as well as the oscillation source u. There is a linear relationship between the energy changing and the amplitude of oscillation source u. Therefore, after eliminating the characteristics of a specific u, the general response of energy function H to the disturbances can be obtained, which is denoted as W g in this paper. Thereby the participation factor of the DFIG-WT in the FOs events can be obtained.
The energy function W 1 is used to eliminate the influence of the amplitude of the oscillation sources. According to (6) and the frequency response of inductance, the energy stored in an inductance has a linear relationship with frequency and the amplitude of the oscillation source. For a specific FOs event, the frequencies of oscillations at different locations in the system are the same, so the only factor influencing W 1 is the amplitude of the disturbance. Therefore, W 1 can be selected as the reference value to eliminate the effect of oscillation sources. And the participation factor can be calculated by:
where A 1 and A g are the amplitudes of energy W 1 and W g at the oscillation frequency. Therefore, the steps to calculate the participation factor are as follows: 1) Obtain the internal variables of the DFIG-WT for energy function calculation and obtain the frequency f 0 of FOs;
2) Calculate the energy W 1 and W g according to (3) and (6); 3) Calculate A 1 and A g with FFT, which are the components of W 1 and W g at the oscillation frequency f 0 ; 4) Calculate the participation factor K g with (15); The participation factor reflects the response of the DFIG-WT to the FOs. A large participation factor indicates that a small disturbance will introduce a large response in the DFIG-WT and the DFIG-WT is considered to act actively in FOs. Thus, the DFIG-WT could be a potential factor for introducing greater FOs. While a small participation factor indicates that this type of disturbance has a small influence on the DFIG-WT and the DFIG-WT is considered to perform passively in FOs. Thus, the DFIG-WT is only a tunnel to transmit oscillation energy. Therefore, the value of participation factor doesn't indicate the location of oscillation source, but reflects the participation degree of DFIG in the oscillations.
Considering the response characteristics of DFIG-WT in normal condition and FOs event, the mean value of the participation factor K 0 under random wind speed disturbance is select as the threshold of the indicator. If the participation factor K g is greater than K 0 , then the DFIG-WT is considered to act actively in the FOs event. Thus, the flow chart of the participation assessment of the DFIG-WT is shown in FIGURE 4. 
IV. SIMULATION RESULTS

A. SIMULATION RESULTS IN SINGLE-MACHINE INFINITE-BUS SYSTEM
In the single-machine infinite-bus system, the wind model in [20] is used to stimulate the response of the DFIG-WT in practice. The FFT results of reference value W 1 and the participation factor K g are shown in FIGURE 5(a) and (b), respectively. W 1 has relatively high components at low frequencies, which is caused by the high components of wind energy at low frequencies, while in higher frequencies the wind speed is relatively flat and the energy W 1 is also relatively flat, which reflects the characteristic of inductance energy. The participation factor K g shows the response of the DFIG-WT to the components of wind disturbance at different frequencies. Although the disturbance has relatively high components at low frequencies, after dividing W g by W 1 , the influence of disturbance is eliminated. There is a spike near the natural oscillation frequency of the DFIG-WT, which shows that DFIG-WT has dramatic response to the disturbance under resonance condition.
After calculating the mean value of K g , we can obtain the threshold of participation assessment K 0 = 1048. Adding sinusoidal disturbances of different frequencies in the wind speed to introduce FOs events, the energy W g and participation factors K g of the DFIG-WT in each FOs event are shown in TABLE 1. W g contains the participation information of DFIG-WT, which has a spike at 29Hz. However, at relatively low frequencies, W g is influenced by the wind model and has another spike at 1Hz. In contrast, the participation factor K g eliminates the influence of disturbance and the spike at 1 Hz disappears. The spike near 29Hz in K g , which is highly correlated with the DFIG-WT, has a sharper increase than that in W g and the value near the oscillation mode is much higher than the threshold K 0 , which proves the effectiveness of the proposed method. It is worth noticing that although the oscillation mode is changed because of the changing of operation point, K g is still able to distinguish the active responses from the passive responses in FOs event.
B. SIMULATION RESULTS IN MODIFIED IEEE 39-BUS SYSTEM
The structure of the modified IEEE 39-bus system is shown in FIGURE 6 . The 500MW DFIG wind farm is added on bus 39. The modified system has an inter-area oscillation mode with a frequency of 1.4Hz. There is a 16.2Hz oscillation mode that is highly correlated with the DFIG-WT.
The accuracy of the proposed method is validated by changing the locations and frequencies of oscillation sources. The sources are at the generator G1, the wind turbine and the rotor convertor, separately. The frequencies of oscillation sources are set to match either the inter-area mode or the oscillation mode that highly correlated with the DFIG wind farm. The participation assessment threshold is calculated with the wind model in [20] , which is K 0 = 232.6.
1) Case 1: The oscillation source is generator G1 and the frequency matches the frequency of the inter-area mode.
A sinusoidal disturbance at the frequency of 1.4Hz, which is the same as the inter-area oscillation frequency, is added to the mechanical power output of G1, resulting in the FOs in the system. The energy flow on the DFIG bus is from the power grid to the DFIG-WT, thus the oscillation source is not inside the DFIG-WT. To test the proposed location method, the energy function of the DFIG-WT is calculated. The result is shown in FIGURE 7 (a). The envelopes of both W 2 and W 3 fall over time, indicating that the oscillation source is not inside the DFIG-WT. Further calculating the components of W 2 , the result is shown in FIGURE 7(b) . The envelope of W 23 falls over time, indicating that the oscillation source is not on the convertor side, which is in agreement with the actual situation. The energy W 22 , which is previously analyzed as the damping of the rotor winding, falls over time. The remaining energy flows oscillate periodically, which matches the property of internal energy or exchange energy. It can be seen that to determine whether the oscillation source is on the wind turbine or on the convertor side when the DFIG-WT is identified as the oscillation source, the only energy flows needed are W 23 and W 3 . So, in the cases below, these two energy flows are given instead of the whole bunch of energy.
Since the oscillation frequency is far away from the frequency of DFIG-WT related mode, DFIG-WT should act passively in this event. The calculated participation factor is: K g = 35.17 < K 0 , which is relatively small, indicating that the DFIG-WT acts only as the tunnel for the transmission of oscillation energy. The simulation result is in agreement with the theoretical analysis, proving that the participation of DFIG-WT in FOs events can be evaluated with the proposed method.
2) Case 2: The oscillation source is on the wind turbine and the frequency matches the frequency of the inter-area mode.
A sinusoidal disturbance at the frequency of 1.4Hz is added to the wind speed of the DFIG-WT, resulting in the FOs in the system. The energy flow on the DFIG bus is from the DFIG-WT to the power grid, indicating that the oscillation source is inside the DFIG-WT. To determine whether the oscillation source is inside the DFIG-WT, the energy function W 3 and W 23 are calculated. The result is shown in from the DFIG-WT related mode and the calculated participation factor is: K 24 = 47.40 < K 0 , indicating that the DFIG-WT acts passively in the oscillations. The simulation result is in agreement with the theoretical analysis, proves the effectiveness of the proposed method in evaluating the participation of DFIG-WT in FOs events.
3) Case 3: The oscillation source is on the rotor converter and the frequency matches that of the DFIG-WT related mode.
A sinusoidal disturbance at the frequency of 16.2Hz, which is consistent with the DFIG-WT related mode, is added to the DFIG convertor, resulting in the FOs in the system. The energy flow on the DFIG bus is from the DFIG-WT to the power grid, indicating that the oscillation source is inside the DFIG-WT. To determine the exact location of the oscillation source, the energy function W 3 and W 23 are calculated. The result is shown in FIGURE 9 (a) and FIGURE 9 (b) separately. The envelope of W 3 falls over time, while the envelope of W 23 rises over time, indicating that the oscillation source is on the DFIG convertor. Since the oscillation frequency is highly consistent with that of the DFIG-WT related mode, it should respond initiative to the oscillation and the participation factor should be larger than the threshold. The calculated participation factor of the DFIG-WT is: K 24 = 1874 > K 0 , which is consistent with the theoretical analysis. 4) Case 4: The oscillation source is the generator G1 and the frequency matches that of the DFIG-WT related mode.
A sinusoidal disturbance at the frequency of 16.2Hz is added to the generator G1, resulting in the FOs in the system. The energy flow on the DFIG bus is from the power grid to the DFIG-WT, indicating that the oscillation source is not inside the DFIG-WT. To test the proposed location method, the energy function W 3 , W 23 are calculated. The result is shown in FIGURE 10 (a) and FIGURE 10 (b) separately. The envelopes of both W 3 and W 23 fall over time, indicating that the oscillation source is not inside the DFIG-WT. The oscillation frequency is highly consistent with the oscillation mode of the DFIG-WT, so the participation factor should be larger than the threshold. The calculated participation factor of the DFIG-WT is: K 24 = 1209 > K 0 , which matches the theoretical analysis.
The simulation is carried out on a computer with the CPU of intel core i5-8400 and MATLAB/Simulink R2019a. The simulation time for each case is 20s. The time used to calculate energy flows and participation factors in each case are listed in TABLE 2, which proves the speed of the proposed methods is enough for practical use.
V. CONCLUSION
This paper proposes an accurate FOs location and participation assessment method for the DFIG-WT. The analysis of the internal energy structure of DFIG-WT indicates that there is a correspondence between the internal energy flow and the components of DFIG-WT, which is used to perform an accurate oscillation source location inside the DFIG-WT. Besides, the participation factor for forced oscillations is proposed and analyzed to evaluate the participation of DFIG-WT during FOs events. It is measurement based and considers the external disturbances, which is suitable for analyzing FOs. The simulation results demonstrate that the proposed method is able to pinpoint oscillation sources to the internal components of DFIG-WT and the participation factor can clearly reveal the participation degree of DFIG-WT during FOs events.
In this paper, the widely used DFIG-WT is considered. In the future research, the methods will be further developed for other types of wind turbine generators by establishing the energy structure of them.
